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What is a Free Electron Laser?

• FELs use relativistic electron beams to 
generate light in an undulator

•An undulator is a series of alternating 
dipole magnets that make the beam 
wiggle and radiate

• In a high-gain FEL, the emitted radiation 
acts back on the electrons, which then 
radiate more light, which acts back on the 
electrons... the FEL instability develops

• The radiation grows exponentially, 
taking energy from the electrons and 
increasing their energy spread until 
saturation
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Characteristics of FELs

Invented by John Madey in the 1970s.

Tunable, high power radiation 10 orders of magnitude brighter
than storage ring based synchrotron light sources

Electrons interact with the radiation field in vacuum.

Unlike conventional lasers restricted to fixed transitions
between atomic energy levels, FELs use unbound electrons
and have no such limitation on their output wavelength.

Broad frequency tunability over ⇠ 8 orders of magnitude

No thermal lensing, birefringence or heat dissipation issues.

Radiation is essentially di↵raction limited, with a low angular
divergence and narrow bandwidth.



Working Principle

Resonant Interaction

Energy Modulation

Density Modulation

Coherent Radiation

As electron wiggles, the light slides past. At a specific wavelength, as the velocity of the 
electron reverses, so does the E-field. The energy exchange is maintained: RESONANCE



Working Principle

Resonant Interaction

Energy Modulation

Density Modulation

Coherent Radiation

Resonant energy transfer generates sinusoidal modulation of electron energies.
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Working Principle

Resonant Interaction

Energy Modulation

Density Modulation

Coherent Radiation

Higher energy electrons move forward, lower energy electrons move backward.
This DISPERSION generates bunching.
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Working Principle

Resonant Interaction

Energy Modulation

Density Modulation

Coherent Radiation

Bunched electrons radiate coherently, generating stronger fields. FEL INSTABILITY



FEL Power

e-beam
phase space

Evolution of electron beam in high gain FEL



NuΡ"1

F
E

L
P

o
w

er

Exponential gain

#Ω!Ωr% Ρ !Nu

Saturation

#Ω!Ωr%Ρ

Ls ∼ λu/ρ

Ps ∼ ρPb = ρEI0/e

Saturation length

Saturation power

High Gain FEL Growth and Scaling 

Lg =
�u

4⇡
p
3⇢

Gain length

⇢ =

✓
K2JJ2�2

u

32�2
p

◆1/3

FEL parameter

FEL wavelength



LCLS-II-HE Workshop, September 26-27, 2016 

Slide 5 

Injector at  
2-km point 

Existing Linac (1 km) 

Electron Transfer Line (340 m) 

X-ray 
Transport Line 
(200 m) 

Undulators (130 m) 

Near Experiment Hall 

Far Experiment Hall 

PMU	
Sec.	21-30	

1-13 keV (120 Hz) 

LCLS-I Linac 
2.5-15 GeV 

1 km ~1 km 

X-ray Range            250 to 12,600 eV
FEL Pulse Length    < 5 - 100 fs
Rel. Bandwidth     0.1%-0.005%
FEL Pulse Energy    ~3 mJ  (2 x1012 @ 10 keV)
Repetition Rate        120 Hz

• LCLS is world’s 1st x-ray FEL (start 2009)
• uses final 1/3 of SLAC linac to produce <15 

GeV e- to drive FEL
• soft-hard x-rays (10-100 GW) to 6 

experimental stations 

Linac Coherent Light Source @ SLAC
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Other XFELs underway in S.Korea, Germany, Switzerland...
+LCLS-II



Temporal Characteristics

Most x-ray FELs generate light by Self 
Amplified Spontaneous Emission 
(SASE)
-  Shot noise in e-beam seeds FEL
-  Noise is broadband so it is coherent 
over very short time scales

-  At resonance, light slips forward one 
wavelength per undulator period. 

-  Over one gain length, the light slips 
forward one cooperation length, 
extending the coherence length

-  Typically the e-beam is long compared 
to cooperation length, there are many 
coherent spikes in FEL pulse



Radiation 
power along 

undulator

e-beam
phase space

Evolution of SASE FEL (starting from noise)



Multiple spikes at saturation

SASE FEL Output pulse

time spectrum
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Challenges/Opportunities in modern FELs

• Improved Temporal Coherence
-  Despite excellent transverse coherence, SASE FELs have limited temporal 
coherence and exhibit large statistical fluctuations in the output power 
spectrum. 

•  Control over the x-ray pulse duration.
-Electron bunch length is typically longer than the cooperation length (tens of fs), 
but resolution of electron motion in atoms, for example, needs x-ray pulses 
down to attoseconds (10-18 s).

•  Customizable pulse shaping
-  Tunable transform-limited time/bw trade off
-  Central frequency control
-  Multicolor operations
-  Higher order transverse modes with new photon degrees of freedom



• Many techniques for transforming the FEL output by directly shaping electron beam 
or exploiting features of the emitted radiation

•  “Beam by Design” now possible where light can be precisely tailored to suit wide-
ranging needs

FEL Pulse Tailoring

Slotted Foil 

Twin Beams 

Gain Modulated 

HGHG 

EEHG 

Mode-Locked 

i-SASE 
HB-SASE 

pSASE 
eSASE 

Chirp-Taper 

OAM 

Laser Heater 
Self-Seeded 

Polarization Control 

E-Beam Shaping Radiation Shaping 

Bold: Laser-based 



Short Pulses through Beam Shaping

•  Want a short FEL pulse? 
Make the electron beam short!

•  Single spike SASE output for 
beams shorter than the FEL 
cooperation length

•  Low charge
•  Diminishing returns in making 

the beam shorter



Short Pulses through Beam Shaping

• Slotted Foil aka “Emittance Spoiler”
• x-t correlation in chicane during compression
• Only portion of beam that passes through hole 
retains properties suitable for lasing

• Width of “V” determines unspoiled 
bunch length
• Multiple short pulses with adjustable 
timing from double-slotted foil

P. Emma, et al Phys. Rev. Lett. 92, 074801 2004

spoiled spoiled

unspoiled



Self Seeding at soft x-rays



Self Seeding at hard x-rays

Crystal monochromator 
instead of grating to 

reduce required e-beam 
delay

Gianluca Geloni , Vitali Kocharyan & Evgeni Saldin (2011) A novel self-seeding scheme for hard X-ray FELs, Journal of Modern Optics, 58:16, 1391-1403,



Multicolor x-ray FEL pulses

Multicolor x-rays have numerous uses in, e.g., pump-probe
experiments. Two of the basic scenarios relevant to two-color x-ray
applications are:

The generation of a pair of sequential x-ray pulses with
independent control of timing and spectrum.

One x-ray pulse with two discrete wavelengths.

Ex: Two colors by alternating undulator resonance

A. Marinelli, PRL, 111, 134801, (2013)



Multicolor FELs 

A. Lutman, et al, PRL, 110, 134801, (2013)

Ex 3: Split undulators and use chicanes to delay 
different colors

Ex 2: Split/delay ~1ps photocathode laser pulse to create two beams within same RF 
bucket. ∆E and ∆t adjusted by compression and phase

A. Marinelli, et al, Nat. Comm, DOI: 10.1038/ncomms7369 (2015)



!  Fresh-slice allows one temporal slice to lase. 

!  Differently than with other schemes to 
achieve short pulses (slotted foil, low charge), 
non-lasing slices remain fresh and can still 
lase in downstream undulator sections 

Bunch head 

Fresh-slices 

Tail-lasing 

Fresh-slice X-ray free-electron lasers

Courtesy A. Lutman

Wakefield “dechirper” gives e-beam correlated y-t kick that enables control over lasing portion.



Scheme features: 
 

+ Very easy to setup 
+ Fully saturated short pulses 
+ Delay controlled by chicane  
+ Color separation controlled by undulator K 
+ Scan through zero delay if tail lases first 
+ Independent pointing in each section 
+ Polarization control with Delta 

Tail Pulse Head Pulse 

Energy [µJ] 248 ± 83 484 ± 91 

Duration ~ 5 fs ~ 17 fs 

Wavelength 715 eV 699 eV 

Undulators U1-U8, K~3.455 U26-U33, K~3.505 

A. A. Lutman et al., Fresh-slice multicolour X-ray free-electron lasers, Nature Photonics, DOI 10.1038/NPHOTON.2016.201 

1.03 mJ 734 µJ 

Head 
lasing 

Tail 
lasing 

No chicane delay, pulse on head arrives first 

Chicane delays head pulse, scanning delay 
from small advance to large (1 ps) delays 

Dechirper applications: Two-color x-rays



Seeding to Generate Transform-Limited Pulses

Seeding approaches
Direct Seeding - High Harmonic Generation (HHG) – [State Of The 

Art: 38 nm]
FEL amplification EM input, usu. harmonic of 800nm generated in noble 

gas
Limited to >20nm by 10-6 conversion efficiency. Seed must exceed shot 

noise in beam.
High Gain Harmonic Generation (HGHG) – [4 nm, 65th harm from 

260nm]
Harmonic density bunching. Limited to <15th harmonic in single stage
Cascade multiple stages w/fresh beam to reach soft x-rays. 

Demonstrated and soon in use @4nm
Echo-Enabled Harmonic Generation (EEHG) – [32 nm, 75th harm from 

2.4um]
Harmonic density bunching. Small energy modulations required. Reach 

soft x-rays from UV lasers in single stage.
Highly nonlinear phase space manipulation and preservation 

challenging.
Self Seeding (HXRSS & SXRSS)

Monochromatized FEL seeds itself. Demonstrated and in use.
No direct pulse length control. Damage & rep rate limits. Spectral 

pedestal.

FEL temporal pulse 

FEL spectrum 

SASE FEL Dream FEL 

- Coherent FEL pulses can be produced if the FEL starts from a fully coherent seed 
that has sufficient power to dominate over the electron beam shot noise. 
- Ultimate goal: Generate transform limited, stable, and controllable x-ray pulses 
with tunable time/BW tradeoff 



• Laser generates energy modulation in electron beam phase space
• Energy modulation converted to density modulation in dispersive section (chicane)
• Coherent radiation at wavelength amplified to saturation in FEL

High Gain Harmonic Generation (HGHG)

� �/h

density distribution

beam

modulator radiator

laser

�
chicane



∼ 100 m 

Undulator Hall 

∼ 200 m 

Linac Tunnel +  

Injector 

Extension 

ELETTRA Synchrotron 
Light Source: 
up to 2.4 GeV, top-up 
mode,  

FERMI Free Electron 
Laser: 
100nm to 4 nm (HGHG) 

∼ 50 m 

Experim. Hall 

Sponsored by  
Italian Minister of University and Research (MIUR) 
Regione Auton. Friuli Venezia Giulia 
European Investment Bank (EIB) 
European Research Council (ERC) 
European Commission (EC) 

Wavelength Range   4 to 100 nm
FEL Pulse Length    10 - 100 fs
Rel. Bandwidth     ~0.1%
FEL Pulse Energy    <100 uJ  
Repetition Rate        10-50 Hz

• FERMI (Free Electron laser Radiation for 
Multidisciplinary Investigations) 

• HGHG FEL 4-65th harmonic of 260 nm 
• 0.9-1.5 GeV e- to drive FEL
• 700pC, 700 Amps/pulse 

HGHG-based FEL: FERMI@Elettra (Italy)



HGHG-based FEL pulse control @ FERMI

ΔϕSEED (a.u.) 

Interferogram 

HGHG seeding provides significant control over FEL output, eg:
• stable central wavelength and power
• narrow bandwidth
• multicolor operations (two harmonics, or two different seeds with 

different wavelengths)
• phase-locked pulses
• FEL chirp compensation by laser shaping
• chirped pulse amplification, etc.

phase-locked pulses

multicolor pulses



Modulator exit Chicane exit Current distribution 

•  Low up-frequency conversion efficiency: 

•  But seeded FEL wants:   Bunching AND Gain 
•  Outcome: Bunching (large ∆E ) OR Gain (small ∆E) 

Limitations on single stage HGHG

(Slide courtesy D. Xiang)



Reaching shorter wavelengths - cascaded HGHG



Reaching shorter wavelengths - cascaded HGHG



Reaching shorter wavelengths - cascaded HGHG

�

h1h2

�

h1
�

Two Stages <65th harmonic @ FERMI 

•Cascaded multiple stages to reach 
soft x-rays

•Each stage degrades e-beam, so 
fresh beam needed each time

•Staging reduces pulse control 
flexibility (harder to control FEL 
properties through cascade, limited 
fresh beam length...)



G. Stupakov, PRL 102, 074801 (2009) 
D. Xiang and G. Stupakov, 12, 030702 (2009)  

Combination of two modulators and two chicanes: 
Echo Enabled Harmonic Generation (EEHG)

Advantages
•Only small energy modulation needed
•UV laser converted to soft x-rays in 
single stage

•Tunable through dispersion
•Relatively insensitive to e-beam phase 
space distortions

Challenges
•Preservation of fine phase space 
correlations

•Sensitive to intrabeam scattering, 
diffusion, and laser quality
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First EEHG experiments at SLAC’s NLCTA

ECHO-3 (2010) 
(a) 

(b) 

(c) 

350 400 450 500 550 
Radiation wavelength (nm) 

600 

HGHG 

HGHG Echo 

1590 nm laser on 

795 nm laser on 

Both lasers on 

D. Xiang et al., PRL 105, 114801 (2010) 

4th 5th 6th 
7th 

D. Xiang, et al, PRL 108, 024802 (2012). 

ECHO-7 (2012) 

Echo 

HGHG 

ECHO-15 (2014) 

E. Hemsing, et al PRST-AB 17, 070702 (2014) 

Echo 

HGHG 



EEHG 

HGHG 

0.38 nm 1 nm 

• Non-linear curvature adds more bandwidth to 
HGHG by shifting wavelengths across the 
beam
• front is compressed, back is decompressed
• EEHG less sensitive because strong initial 
R56 removes this smooth variation

EEHG HGHG 

15th harmonic: EEHG vs HGHG comparison

• Reduced sensitivity of EEHG to phase space 
distortions stabilizes central wavelength
• RF timing drift or jitter in e-beam can change 
chirp –> shift in central wavelength
• OR, timing jitter between laser and e-beam 
(ie, energy jitter) changes laser overlap and 
selects differently chirped region 

EEHG has better spectral performance than HGHG due to the strong nonlinear 
frequency mixing



∆E1 ∆E2  R56
(1) R56

(2) 
60 keV 100 keV 12.5 mm 484 um 

∆E1 ∆E2  R56
(1) R56

(2) 
38 keV 84 keV 12.5 mm 600um 

•  2400 nm to 40nm, 32 nm (190 MeV) 
•  Signals at undulator harmonics 

Echo 60 Echo 75 

E.H, et. al., Nature Photonics 10, 512–515 (2016)  

EEHG in the high-harmonic regime
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Precision control of multicolor spectrum with EEHG
 Via dispersion: 
• Each harmonic has slightly different 
dependence on dispersion
• Individual harmonics can be 
selectively excited/suppressed
• nm-scale control of multicolor 
spectrum
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510 µm
550 µm

harmonics of 800 nm laser

 Via e-beam chirp: 
• Harmonics at given wavelength can be 
excited by different n,m bunching indices, but 
have different dependence on e-beam chirp
• Chirp splits central wavelength into 
sidebands 
• sub nm-scale control of multicolor spectrum



Exotic Light Production

Virtually all e-beam manipulation and improved FEL lasing techniques 
modify the longitudinal phase space (with good results!)… 

But other coordinates of the 6D phase space of high-brightness beams can 
also be manipulated through laser based interactions. 

Can we generate higher-order light ? 
 

P. Emma, et al, Nature Photonics 4, 641 - 647 (2010)   

LCLS LCLS w/OAM

E. H et al, PRL 106, 164803 (2011)
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Ex: high order light modes
Cylindrical solutions to the paraxial wave equation yield modes that carry orbital 

angular momentum (OAM) in helical phase 

OAM modes: Photon 
momentum spirals 

about the axis 



• Mechanical micro manipulation: precision transfer of 
quantized torque to samples (proteins, molecules, BECs, 
etc)

• Photon Science: Enhanced resolution and contrast in 
microscopy and diffraction imaging, two mode pump-probe, 
X-ray magnetic dichroism and angle-resolved spectrometry

• Quantum States: Quantum entanglement and encryption 
in OAM state (n-dimensional storage space), BECs

U. of Glasgow Veenendaal and McNulty, PRL 98, 157401 (2007)

Application of the vortex beam to 
energy-loss spectrometry.

Applications for OAM modes

J Verbeeck et al. Nature 467, 301-304 (2010) 



Generating OAM light in FELs

Sasaki and McNulty, PRL., 100, 124801 (2008)

Optics can be used to mode-convert at 
optical wavelengths, but different solution 
is needed for FELs at short wavelengths, 
high peak power, etc.

Solution: Harmonic emission from helical 
undulators has helical phase

Therefore, a bunched e-beam will radiate 
coherent OAM light at harmonics
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Interference between CUR and off-axis CTR 
reveals signature fork of a l=-1 vortex 

E. H, et al, PRL 113, 134803, (2014)

Coherent OAM light production in FELs

Proof of principle experiment @ SLAC 
• 800 nm laser modulates e-beam
• Chicane dumps seed laser and converts beam energy 
modulation into density modulation
• e-beam emits coherent OAM light in helical undulator tuned 
so that 800 nm is 2nd harmonic
• straightforward to implement at x-rays



Summary

✦ FELs are highly flexible and versatile!

✦ Numerous schemes and techniques exist to manipulate the 

electron beam distribution to precisely tailor the FEL output

✦ These days, good ideas can rapidly mature from concept to 

experiment to implementation

✦ Many more good ideas are yet to come. The future is bright (and 

coherent)! 



Waveform synthesis with cascaded modulators/chicanes

Multiple modulators and dispersive sections with only a single laser wavelength 
can mimic the effect of harmonic modulations from multiple lasers on the 
longitudinal phase space. 

A1 A2 A3
B1 B2 B3

k1

Longitudinal dispersion acts to compress and decompress and different regions of 
chirp between modulations, such that the arrangement acts as a waveform 
synthesizer through linearization of local regions 

• Better control of optical 
scale beam structure
• Improved harmonic 
bunching
• Increased capture efficiency 
for laser-based accelerators

E. H and D. X, PRST-AB, 16, 010706 (2013) 



Waveform synthesis with cascaded modulators/chicanes

The effect on the phase space is an optical analog of an RF function 
generator to generate triangular, sawtooth, and square wave-type 
distributions. Requires both positive and negative R56s, and stable phase 
between modulation sections.
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dispersion 1
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dispersion 3Triangle

Sawtooth

Square



Waveform synthesis with cascaded modulators/chicanes

The effect on the phase space is an optical analog of an RF function 
generator to generate triangular, sawtooth, and square wave-type 
distributions. Requires both positive and negative R56s, and stable phase 
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Chicane

Helically
modulated

e-beam

Planar
Undulator

Helical
Undulator Laser

Dump

Camera 2

Camera 1 filter

BS slit

e-beam

Laser

OAM
Light

• 800 nm laser modulates e-beam in helical 
undulator at 2nd harmonic resonance (tuned to 1.6 
um fundamental)
• Chicane dumps seed laser and converts beam 
energy modulation into 800 nm helical density 
modulation
• e-beam emits coherent OAM light in planar 
undulator tuned to 800 nm at resonant frequency
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E. H, et al, PRL 113, 134803, (2014)

OAM light production with radiation shaping
“OAM afterburner”



R56
(1) R56

(2)

k2 , l2k1 , l1
k, l

A 1(r, φ) A 2(r, φ)

Frequency up-conversion OAM mode up-conversion 

E. Hemsing and A. Marinelli, PRL 109, 224801 (2012) 

Cascaded helical microbunching in EEHG for frequency and mode up-conversion

Future possibilities: EEHG with a twist



Extra slides



Electron beam phase space

Typical parameters
• Energy ~ GeV (γ~104)
• relative energy spread ~10-4 (before lasing)
• bunch length ~100 fs
• Current few kA (108-109 electrons)
• transverse emittance εnx,ny ~0.4 mm-mrad

Before Lasing After Lasing
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E. Hemsing, et al, PRL 113, 134802 (2014)
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Quieting the energy modulation in HGHG

• Longitudinal space charge near 
density spikes acts to remove 
energy chirp during drift

•  Energy spread is reduced while 
harmonic bunching is preserved

• Higher harmonics 
accessible by using larger 
induced energy modulation

• Lasing portion of beam is 
linearized so FEL 
performance enhanced



E.H, et. al., Nature Photonics 10, 512–515 (2016) 
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EEHG Radiation Spectrum (harmonics of 2400 nm laser)
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Broad spectrum of EEHG harmonics generated 
by adjusting second chicane strength

EEHG harmonics determined by dispersion
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Harmonics of 2400 nm laser with EEHG

75th harmonic 

• 75th harmonic: conversion from 2400 nm 
to 32 nm in single stage



M. Dunning et al, Phys. Rev. Lett., 109, 074801 (2012)

Using EEHG for narrowband THz density modulations

Beams with density modulations at sub-mm wavelengths (THz frequencies) can be 
produced with a set of modulators and chicanes using optical lasers using the 
beatwave modulations. Such beams may be used to resonantly excite wakefields for 
advanced accelerators and for the generation of narrow-band THz radiation.

Xiang and Stupakov, PRST-AB, 12, 080701 (2009)

Electron beam acts as nonlinear medium Temporal profile (w/RF deflector)
lasers off

lasers on



Zero%phase*crossing*

Crosson el al., AIP Conf.  Proc., 367, 397 (1996)
Ricci and Smith, PRST-AB, 3, 032801 (2000)
Z. Huang, et al, PRST-AB 13, 092801 (2010)

D. Xiang, E. Hemsing, et al, PRL 113, 184802 (2014)

Dispersion followed by linear energy chirp rotates phase 
space so that energy maps directly to time 

2.4um

Electron beam spectrometer screen

Femtosecond visualization of microbunching
Bunching spectrum characterization with modified zero-phasing technique

https://portal.slac.stanford.edu/sites/ard_public/tfd/facilities/nlcta/Documents/PhysRevLett.113.184802.pdf
https://portal.slac.stanford.edu/sites/ard_public/tfd/facilities/nlcta/Documents/PhysRevLett.113.184802.pdf

